, resulted in an increase in Mü ller glia, rod photoreceptors, and bipolar interneurons being glia and a concomitant decrease in bipolar cells (Ohborn last (Young, 1985) . Second, lineage analysis renuma et al., 1999). Moreover, the misexpression of notch vealed that neurons and glia are derived from a common in conjunction with p27 Xic1 resulted in an even greater increase in the number of Mü ller glia, suggesting that ‡ To whom correspondence should be addressed (e-mail: cepko@ p27 kip1 may collaborate with the notch pathway. Levine genetics.med.harvard.edu). § These authors contributed equally to this work.
and coworkers have analyzed the role of p27 kip1 in the mouse retina (Levine et al., 2000) . When mice homozyof retinal cells is nearly complete and the population of mitotic progenitor cells drops markedly. At P9, we gous for the p27 kip1 deletion were analyzed, no decrease in the number of Mü ller glial cells was found, suggesting observed that the in situ hybridization signal for rax persisted in the middle of the INL (inner nuclear layer) that p27 kip1 is not involved in Mü ller glial cell development in the mouse or that it is redundant for this function.
( Figures 1G-1I In order to determine if rax can influence the choice of cell fate in the retina, we created a replication-incompeunclear due to the embryonic lethality of mice carrying a homozygous Hes1 mutation. However, cultures of Hes1 tent murine retrovirus coexpressing rax and gfp (rax-GFP) (Figure 2 ). rax-GFP virus and a control GFP virus, knockout tissue did not contain bipolar neurons, which could be due to survival problems or an effect on cell encoding GFP alone, were introduced into the retinas of rat pup littermates at P0 in vivo. After 4 weeks, 50 fate (Tomita et al., 1996).
The goals of this study were to: (1) determine the m vibratome sections of infected retinas were visualpatterns of expression of rax, notch1, and Hes1 during ized for the GFP signal to reveal the morphology of later stages of retinal development; (2) characterize the cells infected either by rax-GFP virus or the control GFP effect of forced expression of these genes on retinal retrovirus. Clones derived from the control GFP virus cell fate choices in vivo; and (3) investigate the transcripinfection contained primarily rod photoreceptors, as well tional links among the three genes.
as Mü ller glia and bipolar cells, as expected from previous studies ( Figures 3A-3C ). In contrast, only a small fraction of cells in rax-GFP-infected clones were rod Results photoreceptors. More than 90% of the rax-GFP-infected cells had their cell bodies in the INL, a process extending rax, Hes1, and notch1 Are Expressed through the ONL (outer nuclear layer), and a terminus by Differentiating Mü ller Glia at the OLM (outer limiting membrane), a characteristic A paired-type homeobox gene, rax, is expressed at high unique to the processes of Mü ller glia. Dense, bushy levels in the anterior neural folds of the mouse at embryprocesses either terminating at the IPL, or extending to onic day 7.5 and then is restricted to retinal progenitor the ganglion cell layer (GCL) were also present in the cells after that point (Furukawa et al., 1997) . At postnatal day 9 (P9) of murine retinal development, the generation rax-GFP virus-infected cells ( Figure 3D ).
Similar results were obtained when a virus, LIA, encoding rax and the human placental alkaline phosphatase gene as a marker was used to infect P0 rat retina. More than 90% of the rax-LIA-infected cells had also cell bodies in the INL, with a process extending to the OLM, and intense bushy, alkaline-phosphatase staining detected just beneath the cell body, occasionally extending to the GCL (data not shown).
Vibratome sections of rax-GFP-infected retina were stained with a panel of antibodies and Texas red (or Cy-3) -conjugated secondary antibodies. rax-GFP-infected cells were not stained by antibodies directed against characteristic markers for rods (Rho4D2 [Molday, 1989] To determine the fraction of rax-GFP-infected cells expressing the Mü ller marker, CRALBP, retinas from P0 rats were cultured as intact organ cultures ("explants") and immediately infected with the rax-GFP or control GFP retroviruses. After 14 days, the retinas were dissociated into single-cell suspensions. FACS was used to recover GFP-expressing cells from the whole population. The sorted cells were fixed and then stained with anti-CRALBP and Rho4D2 primary antibodies and appropriate Texas red-conjugated secondary antibodies. In retinas infected with the control GFP virus, 8% of the GFP-expressing cells stained positive for CRALBP, and 84% stained with the anti-rhodopsin antibody, Rho4D2. In contrast, while 72% of rax-GFP-infected cells stained positive for CRALBP, only 12% of the rax-GFP-infected cells were positive for Rho-4D2.
Quantification of clone size was difficult for rax-LIAor rax-GFP-infected clones as the extensive processes of the labeled Mü ller-like cells surrounded some of the neighboring cell bodies, making it difficult to discern if they were expressing the marker. A retrovirus encoding rax and a nuclear ␤-galactosidase gene (rax-BIN) was thus created to allow for a clear quantitation of clone sizes. Rat retinas were infected with this virus in vivo. There was no difference observed in the clone size between control (BIN only) and rax-BIN (data not shown).
We also addressed whether the high percentage of clones misexpressing rax comprised Mü ller glial cells due to negative selection against neuronal cell types. Typically, when P0 rat retinas are infected with a control retrovirus (LIA) encoding just the alkaline phosphatase gene as a histochemical marker, only 5%-8% of clones contain Mü ller glia (Morrow et al. 1999 ). Since only Since transduction of rax, Hes1, or notch1 via a retrovirus vector led to a similar phenotype, we wanted to investigate whether these genes were in a transcripExpression of Activated Notch1 in Progenitor Cells Leads to Cells that Express Mü ller Markers tional cascade. To investigate whether the introduction of rax led to an increase in notch1 and/or Hes1 RNA Like rax and Hes1, notch1 is also expressed in differentiating Mü ller glial cells in the retina as well as in progenitor levels, the retina of P0 rat pups was infected with rax-GFP or control GFP retrovirus. After 4 weeks, the retinas cells (Figure 1) . We thus tested whether misexpression of activated Notch1 could also promote the choice of from these rats were harvested and dissociated into a single-cell suspension ( Figure 6A ). Live, dissociated glial cell fate. The NIC-GFP retrovirus coexpresses a In a previous study, we reported that retinal progenitor cells transduced with the same activated notch1 gene served (Figures 3 and 4) . Given the fact that lineage ., 1998) is not yet known, but our data predict that such a site is present antisera to three Mü ller glial markers and were negative for markers of other cell types, even though some of in notch1 as well. Since rax is expressed prior to notch1 or Hes1 in the retinal anlagen (Tomita et al., 1996; Bao the infected cells resided in the ONL, where normally only rod photoreceptors reside.
and Cepko, 1997; Furukawa et al., 1997), it is likely that at least the initial period of rax transcription is indepenConsistent with our previous study, and in contrast to the results of introducing rax or Hes1, the introduction dent of Hes1 and notch, while the subsequent expression of Hes1 and notch1 may be dependent upon rax. of NIC-notch1 resulted in a significant increase in clone size. The effect on clone size may be due to the fact Cotransfection of notch1 or Hes1 with a reporter construct encoding 7 kb of the rax upstream region did that we were introducing a constitutively active allele of notch1. Progenitor cells that overexpress rax can not lead to upregulation of the reporter. Although it is possible that a larger regulatory region of rax might upregulate notch1 (as discussed below). However, since notch1 most likely requires its ligand for activation, reveal regulation by notch1 or Hes1, there is currently no strong rationale for why this should be so. Interestmerely upregulating endogenous notch1 will not necessarily lead to an increase in signaling by notch1. In the ingly, rax may lead to upregulation of Hes1 in two ways, through an increase in levels of notch1 and through postnatal retina, notch1 ligands, such as Delta 1, are most likely limiting. It is also interesting to note that direct activation of Hes1 transcription. Further studies will be required to define these relationships more introduction of Hes1, which is thought to be one of the genes upregulated by activated notch1, does not result clearly. in the same large clones generated by introduction of constitutively activated notch1. Activated notch1 thus rax, Hes1, and notch1 Promote the Choice of Glial may regulate a broader repertoire of genes than Hes1, Cell Fate and some subset of these genes appears to be sufficient Our results demonstrate that the persistent expression to drive proliferation of retinal cells. retina. A simple model that can be proposed is one in which
In conclusion, rax, Hes1, and notch1 appear to be in the persistent expression of these genes leads to the a transcriptional cascade that promotes the formation promotion of the glial fate. All of the data reported here of Mü ller glia. They may also regulate the formation of are consistent with this model, but they also raise quesbipolar cells. Further studies in which progenitor cell tions concerning additional roles of these genes in retistates are defined molecularly will aid in our understandnal development. For example, we found that introducing of potential additional effects. tion of a dominant-negative allele of Hes1 led to a decrease not only in Mü ller glia, but also a modest de- 
